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The composites of aluminum-carbon nanotubes, produced using catalytic chemical vapour deposition method, are 
prepared with initial composition of aluminum homogeneously mixed with 1, 2, 4 and 10wt% nanotubes and subsequently 
hot-pressed. TEMs and a STEM have been used to study the as prepared carbon nanotubes and their distribution in 
aluminum matrix after reinforcement. A set of preliminary observations delineated that the yield of as produced nanotubes 
in carbonaceous is very high with an average diameter of about 45 nm and with straight and spiral shapes. In composites, 
these tubes have been seen uniformly distributed in aluminum matrix without any significant dimensional alteration. An 
enormous increase in microhardness of aluminum – 10wt% carbon nanotubes composites in contrast to pure aluminum has 
been a remarkable study. Some of the important microscopic details, electrical measurements and mechanical properties in 
the nanotubes and their composites have been elucidated and discussed. 
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The advent of carbon nanotubes has led to a new 
dimension of materials and is an important addition to 
the field of nano-structures. Due to the diameter of 
these tubes in nano-scale and length in micro-scale, 
the aspect ratio of the material is extraordinarily high 
and displays the properties of low dimensions1-4. The 
mechanical properties in particular high strength and 
modulus are expected as a result of their seamless 
cylindrical graphite structure5-7. The carbon known to 
its low density is an additional quality of nanotubes. 
The high modulus coupled with their light weight, 
results a very prospective usage of these materials as 
nano-scale fibers in strong light weight applications. 
It is important to elucidate the significance of two-
phase materials of metal matrix composites8-12. In the 
past several efforts have been devoted to examine the 
effect of second phase (in micro-scale) reinforcement 
in aluminum matrix to produce composites of desired 
microstructure and properties8-10. However, a very 
limited work has been reported experimentally using 
nano-scaled objects like carbon nanotubes as a 
composite reinforcement in a metallic matrix13-17. In 
case of carbon nanotubes–metal matrix composites 
the scale of the reinforcement phase has changed from 
micrometers (e.g. SiC particulates, glass, carbon 
fibers, metals) to nanometers18-20. The basic idea has 
been to utilize the properties of ductility and 
toughness of aluminum as matrix material to mix with 
carbon nanotubes as reinforcement, especially known 
for high stiffness and axial strength. Under the 
transmission electron microscope, by measuring the 
amplitude of isolated nanotubes’ intrinsic thermal 
vibrations the modulus was measured in the scale of 
terapascal (TPa)5. It is worth noting that the modulus 
of aluminum alloy is in the range of gegapascal 
(GPa)8,9. The composites of these two materials would 
definitely change such properties in a drastic way. For 
an example a commercial aluminum alloy (2124 Al) 
and carbon nanotubes has the modulus values 71 and 
1000 GPa, respectively. By rule of mixture, the 
composite modulus for 5 vol% reinforcement of 
nanotubes in aluminum alloy matrix would be 117 
GPa, which is an extraordinary improvement in 
mechanical part of the composite. Moreover, due to 
the low density of carbon nanotubes the reduction in 
weight of the composite material for possible usage as 
structural components is also beneficial. 
A significant change in matrix microstructure is 
expected when the reinforcement phase is in nano-
scale. The lattice mismatch and difference in 
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coefficient of thermal expansion between the matrix 
and reinforcement phase would lead to highly dense 
dislocation network, spread all around matrix–
nanotube interface. Properties of the composite can be 
estimated correctly only if the interface is cohesive 
without any porosity or intermetallic phase formation 
due to reaction between matrix and reinforcement 
phase at nano-scale. 
The present investigations deal a detail 
characterization of carbon nanotubes and aluminum–
nanotubes reinforced metal matrix composites. The 
nanotubes prepared by catalytic chemical vapour 
deposition has been subsequently mixed with fine-
grade aluminum powder in different volume fractions 
using the hot compaction technique to prepare the 
composites. Microstructural characterization of both 
the as prepared carbon nanotubes and metal matrix 
composites has been carried out to understand the fine 
details at nano-scale. Subsequently, the composites 
having different wt% of nanotubes in aluminum 
matrix have been evaluated for their mechanical 
strength. 
 
Experimental Procedure 
The carbon nanotubes have been produced by the 
catalytic chemical vapour decomposition (CVD) of 
the propylene. A schematic of the processing 
technique is displayed as in Fig. 1. The aluminum 
powder (Aldrich, USA) of purity higher than 99.5% 
with an average particle size of ~ 200 mesh (per 
square inch) has been mixed homogeneously with the 
different wt% (1, 2, 4 and 10) of carbon nanotubes by 
hand grinding for 30 min. The mixtures are hot-
pressed at 793 K under a pressure of 25 MPa for 30 
min. The hot-pressed samples with a size of 40 mm 
diameter and 6 mm in length are spark-cut into pieces 
for various measurements. 
Transmission electron microscope (TEM) models 
Akashi EM-002B and JEOL JEM 200CX, both 
operated at 200 kV have been used for microstructural 
characterization. TEM, Akashi microscope has been 
equipped with Gatan CCD camera to perform high-
resolution electron microscopy (HREM) experiments. 
A scanning transmission electron microscope (STEM, 
VG-HB 501) with a field emission gun operated at 
100 kV has also been used to study the distribution of 
nanotubes in the aluminum matrix. The 
microhardness was measured with an ultramicro 
indentation system (Future-Tech Corporation, Japan; 
model FM 7e) fitted with a diamond indenter with a 
right pyramid and square base (Vickers indenter). 
Samples for electron microscopy were prepared from 
the slices of about 50 µm glued on a tripod for 
mechanical polishing21,22. The mechanical polishing 
was performed using successive grinding with diamond 
plastic films of different roughness (15, 6, 3, 1, 0.5 µm 
grains) and syton, a solution of colloid silica with 20 
nm grains, on a rotating polisher kept under water. A 
specimen thickness of approximately 50 nm was 
obtained by mechanical polishing. A further finish was 
carried out using ion beam milling (PIPS, Gatan model 
691) by focusing 3 keV Ar+ ions at a glancing of 6° on 
the surface of the specimen for 10 min. 
 
Results and Discussion 
 
 
Morphology and microstructure of as processed carbon 
nanotubes  
A systematic examination of the powder containing 
nanotubes has shown a variety of microstructures 
having fascinating fine details. Figure 2 (a-c) delineates 
a set of secondary electron images recorded under 
SEM. The micrographs reveal a significant yield of 
these tubes along with different diameters varying 
between few nm to about 130 nm (Fig. 2a). These 
tubes are forming a dense network in the carbon soot. 
The tubes are lengthy in case of their coarse diameter 
as compared to tubes with short length and fine 
diameter (Fig. 2 (b,c)). At some regions in 
carbonaceous product the tubes of large length (∼ 6.5 
µm) with coarse diameter about 90 nm have been seen 
(Fig. 2b). A very coarse diameter (∼ 140 nm) tube with 
about 1.2 µm in length is also seen in the 
microstructure (Fig. 2c). It has been seen that the tubes 
are either spiral or straight in shape along the length 
depending upon their diameter.  
 
Fig. 1—A schematic showing the technique of chemical vapour 
deposition 
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A detailed microstructural characterization of carbon 
nanotubes at nano-scale has been carried out using 
transmission electron microscopes. Figure 3a shows a 
cluster of carbon nanotubes in the microstructure. Fine 
tubes of diameters between 5-30 nm have been 
resolved. These tubes are visualized in bulk with a very 
high volume fraction and most of the instances the 
different size tubes, are inter mixed. It has been further 
seen that the coarse diameter tubes are normally helical 
or curly in shape in contrast to fine diameter tubes 
mostly straight along the length. The coarse diameter 
tubes are very lengthy even up to 80 µm. The diameter 
of these nanotubes itself signifies that the nanotubes 
produced by chemical vapour deposition are multi-
walled. In general the aspect ratio of the tubes is high 
and every so often it is between 500-1000. It is 
understood that the nanotubes with high aspect ratios 
are excellent candidates as second phase 
reinforcements in aluminum matrix for the 
preparation of metal matrix composites. 
It has been revealed that the nanotubes are basically 
consisted of different compartments along the length of 
the tube. These compartments are of about equal 
spacing (∼ 45-50 nm) when the diameter of the tube is 
about 30 nm (Fig. 3b). High resolution electron 
 
Fig. 2—SEM secondary electron images showing (a) a network of 
nanotubes with a high yield in carbon soot, (b) a lengthy coarse 
diameter tube of spiral shape and (c) different fine and coarse 
diameter tubes  
 
 
Fig. 3—Bright field electron micrographs showing (a) the carbon 
nanotubes of different diameter and length, (b) a compartmental 
structure of tube along the length and (c) a HREM image of a tube 
consisted of different graphene layers along the diameter. 
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microscopy (HREM) studies on nanotubes have been 
carried out to reveal the details at lattice scale of 
graphene sheets constituting the different layers of the 
multi walled structure. Figure 3c shows a HREM 
image of multiwalls of a tube typically revealing the 
{002} lattice images of the graphite structure. The 
separation between two graphene sheets constituting 
the different walls of nanotubes is about 0.34 nm. This 
separation matches with that of bulk graphite 
structure1. The wall thickness of the tubules ranges 
typically from 2 to 50 sheets depending on the diameter 
of the nanotube. For an example a nanotube of 35 nm 
in diameter has the wall thickness of 30 sheets.  
The diameters of individual tubes were carefully 
measured on the different micrographs (Figs 2 and 3) 
recorded from various regions of samples prepared 
from carbonaceous material. Figure 4 shows a 
histogram plotted for the diameters of about 95 tubules, 
ranging from 10 to 130 nm. Basically, short and 
terminated tubes around 45 nm are common as can be 
inferred from the peak on the histogram. As the 
diameter increases or decreases beyond 45 nm the 
number of observed tubes becomes less. The data 
revealed by the histogram may not be perfectly 
accurate, due to human and experimental errors 
involved and the limitations of the machines are 
beyond the scope to control. At the higher resolution it 
may be possible to visualize even smaller diameter 
tubes. A basic idea about the frequency of the 
occurrence of the nanotubes on a large range of their 
diameter has been possible to estimate from the 
histogram, which has been plotted after the careful 
measurements carried out on electron microscopy 
images. The microstructural study and dimensionality 
of the nanotubes investigated is beneficial in 
understanding the quality of tubes used for the 
preparation of aluminum-carbon nanotubes metal 
matrix composites.  
 
Microstructural features induced during preparation of 
aluminum-nanotubes composites 
An investigation has been extended to study the 
different fine features evolved at nano-scale after the 
mixing and hot pressing of carbon nanotubes in 
aluminum matrix. The distribution of nanotubes in 
aluminum matrix is an important concern of the 
microstructural analysis. In this regard the composite of 
aluminum–10wt% carbon nanotubes has been 
characterized using bright field electron micrographs of 
TEM and STEM. Useful information has been gathered 
by studying the sample under the electron beam. Figure 
5 is a STEM image recorded at high magnification. 
The micrograph shows that the tubes are distributed in 
matrix without noticeable distortion. The micrograph 
exhibits that these tubes are smooth along the length. 
There is no evidence of void formation or reaction 
phase due to aluminum and carbon at the interface 
between the matrix and the nanotubes. A remarkable 
feature is the distribution of nanotubes in the aluminum 
matrix. These tubes are seen uniformly all over the 
matrix with their clustering at the grain boundaries. 
The two grains marked as I and II are elucidated in the 
micrograph (Fig. 5).  
 
A similar result has further been resolved under 
TEM. Microstructural investigations show that the 
 
Fig. 4—A histogram showing frequency of multi-walled 
nanotubes of different tubule diameters 
 
Fig. 5—STEM image of aluminum–10 wt% carbon nanotube 
samples showing the distribution of nanotubes within the 
aluminum grain and at the grain boundaries 
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grain boundaries are rich in carbon nanotubes and 
their clustering is evident (Fig. 6a). However inside 
the grain, the distribution of carbon nanotubes is poor 
and random. Figure 6b reveals an example of the 
presence of carbon nanotubes within a grain of 
aluminum. A sharp bending in some nanotubes is 
probably due to the mechanical shocks observed by 
the tubes during the processing of the composite (Fig. 
6b). However, the surface of individual tubes is intact 
without any visible distortion. It is worth mentioning 
that the tubes are normally seen in transverse 
direction and there was no further attempt to resolve 
these nano-objects in aluminum matrix in longitudinal 
direction. It is further important to mention that the 
clarity and contrast of these nanotubes in aluminum-
matrix may be a matter of discussion. One would 
expect an appropriate contrast of nanotubes in 
aluminum which would result after considering both 
the diffraction as well as the absorption contrast 
experienced by an incident electron beam under the 
microscope. It is also possible that carbon nanotubes 
being highly oriented graphene layers of 0001 planes, 
they may always be in diffraction contrast. Moreover, 
a thin layer of aluminum may always be present on 
surface of individual nanotubes. Considering these 
facts it is difficult to predict the gray scale of 
nanotubes in comparison to aluminum in the 
composite.  
 
It is worth discussing that the distribution of 
nanotubes in aluminum matrix has a resemblance with 
dispersion-strengthened aluminum alloys, where in 
the latter case the intermetallics formed during 
synthesis have improved mechanical strength stable at 
elevated temperatures. In this respect the nanotubes-
reinforced composites are also much superior to 
precipitation-strengthened alloys, because in former 
case, many thermal and mechanical steps for 
obtaining a useful material may be avoided. Another 
most important thought involved in the preparation of 
metal based-nanotubes composites is that the 
nanotubes acts as grain-boundary phase and grain 
boundaries itself are constituted of defects 
accumulated microstructure and therefore the 
hardening in such materials can be expected in a 
higher order compared to their metallic systems. 
Moreover, the hardness of carbon nanotubes being 
comparable to diamond would lead to a strong 
interface between aluminum and surface of nanotubes 
and in turn cause constraints to mechanical shocks 
and deformation. 
 
The hot pressing during processing of aluminum-
nanotubes may evolve certain defects in the 
composite material. These defects may appear as 
deformation bands and normally originate due to 
dislocations10. In this direction, a further study on 
matrix microstructure of aluminum in composite has 
contributed a significant observation. An array of 
dislocations at the triple junction of grain boundaries 
has been shown in Fig. 7a. At high magnifications, 
Fig. 7b reveals the deformation bands transmitted 
inside the grains. At this point the contribution of 
nanotubes towards nucleating the dislocations at the 
aluminum- nanotube interface may be significant due 
to the geometrical constraints at lattice scale and 
difference in coefficient of thermal expansion 
between matrix and the reinforcement phase. It has 
been mentioned10 that the ratio of reinforcement phase 
to matrix interface area (Ia) increases as the size of 
 
Fig. 6—Bright field electron micrographs showing nanotubes (a) 
at grain boundaries and (b) inside the grains 
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reinforcement phase decreases, i.e., Ia α ( 1/d ) (m2), 
where d is the diameter of second phase particles, 
fibres, etc. In present case nanotubes as second phase 
have extremely fine diameters (in nano-scale) and 
therefore the value of Ia will be exceptionally high. The 
interface area between aluminum and nanotubes would 
definitely a controlling factor in evaluating the final 
electrical, mechanical and physical properties and 
hence performance of these composites. Moreover, a 
large area of interface would be a region on non-
thermodynamic equilibrium in the matrix and lead a 
meta-stable system which is stable even at high 
temperatures due to the chemical inertness of graphene 
surfaces on nanotubes. 
 
Structure-property correlation of aluminum-carbon nanotubes 
metal matrix composites 
The carbon nanotubes having excellent chemical 
stability due to their seamless cylindrical graphite 
structure are an exceptional candidate for the 
reinforcement in aluminum matrix. The microstructural 
features (Figs 2-7) have shown that the nanotubes in 
the composite are intact without any significant 
distortion during their processing by hot-compaction. It 
has been demonstrated14 that no reaction product at the 
interface between aluminum and nanotube has been 
observed even after annealing at 983 K for 24 h. The 
strength of the composite is slightly affected by the 
annealing time at 873 K in contrast to the pure 
aluminum powder produced in a similar powder 
metallurgy process where a significant deterioration in 
strength with time at high temperatures has been 
observed. A significant deterioration in strength in bare 
aluminum is associated to softening of aluminum at 
high temperature. However, the strengthening of 
composite is influenced by the geometry and the 
physical properties of maulti-walled nanotubes. A 
detailed discussion on strengthening of nanotube-based 
composites considers mainly thermal mismatch, 
inhibition of dislocations and shear lag, between 
nanotube and matrix16,17. The present studies are 
considered to yield experimental information valuable 
for producing high performance composites. The low 
chemical reactivity of the carbon nanotubes contributes 
to the thermal stability of the composite strength. 
The present investigations have been extended to 
carry out the microhardness measurements on 
composite samples containing 1, 2, 4 and 10wt% of 
carbon nanotubes reinforced in aluminum matrix. As 
a matter of fact, hardness is closely related to strength 
and the hardness measurements are carried out quite 
often because it provides a quick and convenient 
estimate of strength of the material. It is evident from 
the testing that as the content of nanotubes in the 
matrix increases, the microhardness measured on 
Vickers scale also increases. It is to be noted that the 
load applied for the indentation has been taken 50 g in 
all the measurements. Figure 8 illustrates the different 
values of microhardness (in kg mm-2 scale) with the 
quantity of nanotubes reinforced in the matrix. For 
comparison purpose a pure aluminum piece has also 
been tested under similar conditions. The 
microhardness data has clearly revealed that the highest 
value of 58 kg mm-2 has been found in case of 
aluminum–10 wt% nanotubes as compare to the 
microhardness of pure aluminum, which has been 
recorded as 30 kg mm-2. The microhardness data for 
aluminum – 1, 2, 4 wt.% nanotubes has been measured 
as 32, 35, 42 kg mm-2 , respectively. The microhardness 
testing has been performed at several regions of each 
 
Fig. 7—Bright field electron micrographs showing (a) deformation 
bands at the junction of grain boundaries and (b) a magnified view 
of deformations within a grain  
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sample and therefore the data presented in Fig. 8 is an 
average representative value in every case. An error bar 
has been indicated on average values of microhardness 
(Fig. 8) to represent that the individual values normally 
fluctuated between 5-8%. The mechanism for the 
improvement in hardness properties of the composites 
with the increase in content of nanotubes may be 
attributed to the network of dislocations in matrix and 
in the matrix-nanotubes interface. Moreover, the 
dispersion of nanotubes in the matrix enhances the 
volume fraction of grain boundaries in the composite. 
It is further to add that as discussed earlier, a large 
interfacial area between aluminum and nanotubes 
would play a prominent role in improvement of 
hardness and strength of this class of material. 
As mentioned above the microhardness 
measurements are important in the sense that they 
imitate the trend followed by the strength of the 
composite material on varying the content of nanotubes 
in a metallic matrix and delineate that the incorporation 
of carbon nanotubes definitely alter the properties of 
the aluminum matrix. Strength is highly dependent on 
microstructure because it is proportional to the 
difficulty of moving dislocations through the crystal 
lattices of different symmetries, for example in the 
present case the crystal lattices of carbon nanotubes, 
grain boundaries etc. The strength of these composites 
may be estimated by assuming that the yield strength of 
a material is approximately 3 times its hardness, if 
measured in same units11,12. Accordingly the yield 
strength of these composites has been calculated from 
the measured values of hardness (Fig. 8). A plot of 
estimated yield strength with the change in content of 
nanotubes in aluminum has been depicted in the same 
graph of microhardness (Fig. 8). It is understood from 
these graphs that the strength of these type of 
composites can be improved enormously by proper 
inclusion of nano-scale objects like carbon nanotubes 
in aluminum.  
It is possible to estimate theoretically the elastic 
modulus of a two-phase material. In general the two 
most frequently used models, viz., (i) the rule-of-
mixtures and (ii) Helpin-Tsai-Kardos, are applied for 
this purpose10. The present work is basically intended 
to estimate the trend followed by elastic modulus on 
change in content of nanotubes in aluminum. The 
modulus of the composite (Ec) can be calculated using 
the rule-of-mixtures10 is given as: 
 
Ec(R) = EmVm + Ep Vp  … (1) 
 
Where Ec(R) represents the modulus of the composite 
calculated using rule-of-mixtures, Em and Ep are the 
modulus values of matrix (aluminum – 70 GPa) and 
reinforcement (carbon nanotubes – 1800 GPa5), Vm 
and Vp are the volume fractions of matrix and 
reinforcements. In the present work for calculation 
purpose 1, 2, 4, and 10 wt% of nanotubes in 
aluminum are converted to 1.26, 2.52, 5.04 and 12.6 
vol% of nanotubes, respectively, in the matrix by 
considering the densities of carbon nanotubes and 
aluminum as 2150 and 2700 kg.m-3, respectively. A 
variation between content of nanotubes in aluminum 
matrix and the respective modulus calculated using 
the rule- of-mixtures has been displayed as in Table 1. 
It is observed that the trend is similar to that of 
microhardness measurements (Fig. 8) and the 
modulus properties are found to increase with 
increasing the concentration of nanotubes in the 
matrix.  
It has been mentioned that in metal matrix 
composites the Helpin-Tsai-Kardos model may also 
be incorporated to calculate the modulus where the 
second phase is in particulate shape10. In the present 
 
Fig. 8—Change in microhardness and yield strength with respect 
to increase in content of carbon nanotubes in aluminum matrix 
 
Table 1—Variation in elastic modulus of metal matrix composites 
estimated using two different models, with increase in content of 
carbon nanotubes in aluminum matrix 
 
Elastic modulus (GPa) Sample 
Rule of mixtures, 
Ec (R) 
Helpin-Tsai-Kordos,  
Ec (H) 
Al–1 wt% carbon 
nanotubes 
92 92 
Al–2 wt% carbon 
nanotubes 
114 113 
Al–4 wt% carbon 
nanotubes 
157 156 
Al–10 wt% carbon 
nanotubes 
288 285 
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work, this hypothesis has been incorporated to 
estimate the modulus by considering the carbon 
nanotubes as particulates with an exceptionally high 
aspect ratio of approximately 800 on an average. The 
Helpin-Tsai-Kardos expression for calculating the 
modulus is illustrated as 
 
Ec (H) = Em 
  - 1
   2  1
q Vp
q Vps+
 … (2) 
 
Where Ec (H) represents the modulus of composites 
calculated by Helpin-Tsai-Kardos model, s ∼ 800 the 
aspect ratio of nanotubes and 
 
q = 
  2   m / p
 1 -  mEˆ / p
sEE
E
+
 … (3) 
 
The elastic modulus calculated using Eq. (2) has 
also been depicted in Table 1 along with the values of 
elastic modulus obtained using expression (1). It is 
important to mention that the values of modulus 
estimated using both the models are very close and 
therefore any of such models may be used in future to 
estimate elastic modulus in this type of material. An 
experiment-supported validation of these models is an 
important task and a further study in this direction is 
worth.  
An overall study on microstructural features and 
mechanical properties associated with aluminum 
containing carbon nanotubes as second phase 
reinforcement in the preparation of metal matrix 
composites has shown that the improvement in 
strength, hardness and modulus of the composite is 
dependent on the basic properties of carbon nanotubes 
due to their highly oriented seamless graphite 
structure and nano-structured alterations in aluminum 
matrix. In addition to the mechanical properties 
affected in great extent by incorporating the carbon 
nanotubes in aluminum, it is also possible to see the 
effect of content of nanotubes in aluminum matrix on 
the electrical properties. The experiments have been 
performed to study the effect of carbon nanotubes 
reinforcement in aluminum on electrical resistivity. A 
preliminary study on the same set of specimens has 
been published elsewhere13. It has been noticed that 
on increasing the content of nanotubes in aluminum 
matrix from 0, 1, 4 and 10 wt%, the resistivity 
changes as 3.4, 4.9, 6.6 and 5.5 µΩ cm. A graphical 
representation of these values (Fig. 9) delineates that 
initially the resistivity increases with increasing the 
nanotubes in aluminum. However, at aluminum–10 
wt% nanotube, a slight decrease in resistivity has been 
observed in comparison to the resistivity measured in 
aluminum–4 wt% nanotubes. It is known that the 
nanotubes in general have lower electrical conductivity 
than aluminum. In addition if the nanotubes are 
agglomerated at the aluminum grain boundaries as 
evident from electron micrographs (Figs. 5 and 6), they 
behave as a different phase at the grain-boundary, 
which increases the scattering charge carriers between 
the two grains and hence reduces the conductivity. An 
important explanation for the decreasing trend of 
resistivity in aluminum–10 wt% nanotubes can be 
postulated in the following way. As the content of 
nanotubes in the composite is increased, there is a limit 
after that the clustering of these nanotubes may 
dominate in the microstructure and then the bundled 
nanotube may start behaving in a different way than 
individual. The conductivity of such collective 
nanotubes may be better than the aluminum and 
therefore the scattering of charge carriers due to the 
nanotubes at the grain boundaries and within grains 
may not be so effective. Under such conditions, the 
composites of higher concentration of nanotubes in it 
(for example aluminum–10 wt% nanotubes) may start 
showing a reverse trend of resistivity. The 
reinforcement of carbon nanotubes in aluminum matrix 
has shown several unusual phenomena in connection 
with the physical and mechanical properties13,14. These 
drastic changes in the properties of carbon nanotubes 
reinforced aluminum matrix composites may be 
correlated with the grain boundaries characteristics, 
seamless graphene structure of nanotubes and the long 
aspect ratio of the individual tubes.  
 
Conclusions 
(i)  Carbon nanotubes of various diameters between 
5-130 nm have been characterized. These tubes 
 
Fig. 9—Change in electrical resistivity with respect to increase in 
content of carbon nanotubes in aluminum 
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show a maximum length of about 100 µm and the 
aspect ratio has been even up to 1000. Fine 
diameter nanotubes are relatively straight 
compare to coarse diameter tubes having helical 
or curly shape. The multiwalled feature of 
nanotubes resolved by HREM shows the lattice 
image of graphite structure with a 0.34 nm of 
spacing between the two sheets.  
(ii) The distribution of carbon nanotubes in 
aluminum matrix has been seen uniform with a 
higher concentration of the tubes at the grain 
boundaries. However there is no significant 
distortion in nanotubes after the hot-compaction 
has been noticed in the composite and the size 
and shape of these tubes has been delineated 
almost identical as it is in as processed condition. 
(iii) Microstructure-property correlation has been 
elucidated in view of the high mechanical 
strength and thermal stability of the nanotubes 
reinforced in a metallic matrix. The enormous 
increase in microhardness on increasing the 
content of the tubes in aluminum matrix may be 
attributed to many factors such as the nanotube-
matrix interface, grain refinement in matrix, 
segregation of nanotubes at the boundaries and 
the dislocations introduced during hot-
compaction processing of the composites. A 
theoretical estimate to the elastic modulus of the 
composites has been inferred to understand the 
effect of content of nanotubes in aluminum 
matrix on the strength of the composites. 
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